Uniparentally inherited mitochondrial (mt)DNA and chloroplast (cp)DNA microsatellites (cpSSRs) were used to examine population genetic structure and biogeographic patterns of bird-dispersed seed and wind-disseminated pollen of whitebark pine ( Pinus albicaulis Engelm.). Sampling was conducted from 41 populations throughout the range of the species. Analyses provide evidence for an ancestral haplotype and two derived mtDNA haplotypes with distinct regional distributions. An abrupt contact zone between mtDNA haplotypes in the Cascade Range suggests postglacial biogeographic movements. Among three cpSSR loci, 42 haplotypes were detected within 28 cpSSR sample populations that were aggregated into six regions. Analysis of molecular variance ( AMOVA ) was used to determine the hierarchical genetic structure of cpSSRs. AMOVA and population pairwise comparisons ( F ST ) of cpSSR, and geographical distribution of mtDNA haplotypes provide insights into historical changes in biogeography. The genetic data suggest that whitebark pine has been intimately tied to climatic change and associated glaciation, which has led to range movements facilitated by seed dispersal by Clark's nutcracker ( Nucifraga columbiana Wilson). The two hypotheses proposed to explain the genetic structure are: (i) a northward expansion into Canada and the northern Cascades in the early Holocene; and (ii) historical gene flow between Idaho and the Oregon Cascades when more continuous habitat existed in Central Oregon during the late Pleistocene. Genetic structure and insights gained from historical seed movements provide a basis on which to develop recovery plans for a species that is at risk from multiple threats.
Introduction
Biogeographic patterns are the result of the dispersal of organisms in response to historical climatic fluctuations and the distribution of suitable habitats. The oscillating climate associated with Pleistocene glaciation profoundly influenced the distribution of temperate organisms. During glacial cycles, species distributions changed in latitude and elevation, and populations expanded and contracted (Delcourt & Delcourt 1991; Webb 1995) . For plant populations, changes in distribution and genetic architecture are the ultimate result of the independent movement of seed and pollen. Thus, a robust understanding of biogeographical patterns in plants requires knowledge of gene flow (i.e. seed and pollen movement) as influenced by physical and biological constraints.
Tree species, such as whitebark pine ( Pinus albicaulis Engelm.), that are restricted to the timberline and adjacent subalpine forest habitats would be particularly affected by the temperature variation associated with glacial and interglacial episodes. The climate-driven extinction and re-establishment of populations of whitebark pine on mountaintop islands would produce a genetic structure that is heavily influenced by gene-flow patterns. In this species, gene flow is a result of wind-dispersed pollen and seed dispersal facilitated by Clark's nutcracker ( Nucifraga columbiana Wilson). The seed caching activities of the nutcracker have been shown to be integral to whitebark pine establishment and regeneration (Tomback 2001) . Studies focusing on Clark's nutcracker seed-collection behaviour have demonstrated that the multistemmed growth form exhibited by most whitebark pine is attributable to the germination of multiple seeds from Clark's nutcracker seed caches (Tomback & Linhart 1990) . These data have been confirmed by allozyme analysis indicating that the multiple stems are often different genotypes (Furnier et al . 1987; Rogers et al . 1999) . Less is known about how long-distance transport of seed by nutcrackers influences genetic structure among populations. Observational data have reported bird-mediated seed transport up to 22 km (Vander Wall & Balda 1981) . At the regional and range-wide scale, biparentally inherited allozymes, which reflect both seed and pollen gene flow, have been used to analyse genetic structure in whitebark pine. These studies revealed low genetic differentiation among populations, with most diversity found within populations (Yandell 1992; Jorgensen & Hamrick 1997; Bruederle et al . 1998) , as has been shown for most other species in the Pinaceae (Hamrick & Godt 1996) .
Whitebark pine is the focus of increased attention because of its ecological importance and declining abundance over much of its range. This decline is mainly attributable to blister-rust disease (caused by Cronartium ribicola , an exotic fungal pathogen) and encroachment of shadetolerant species [e.g. Abies lasiocarpa (Hook.) Nutt., and Tsuga mertensiana (Bong.) Carriére] associated with fire exclusion (Kendall & Arno 1990) . As a result, most stands of whitebark pine have been decimated, and thus produce low seed yields. Because whitebark pine seed is a major late summer food source for grizzly bears ( Ursus arctos horribilis ), red squirrels ( Tamiasciurus hudsonicus ), and for many birds besides Clark's nutcracker, the decline of whitebark pine has had an adverse impact on subalpine ecosystems (Mattson et al . 2001) .
As genetic diversity becomes depleted from blisterrust disease and succession, successful conservation and restoration programmes require an understanding of the biological and physical mechanisms that have shaped population genetic structure. Mitochondrial (mt) and chloroplast (cp) DNA provide tools for the elucidation of population structure and gene flow in plants. In the Pinaceae, uniparental inheritance of organelles allows an independent assessment of gene flow from paternally transmitted cpDNA via pollen and maternally transmitted mtDNA via seed (Wagner 1992) . This unusual inheritance of organelles has been a basis for studies of population genetic structure and gene flow in limber pine ( Pinus flexilis James; Latta & Mitton 1997; Mitton et al . 2000) and ponderosa pine ( Pinus ponderosa Dougl.; Latta & Mitton 1999) . Both studies found greater differentiation of mtDNA than cpDNA haplotypes among populations. Thus, the ability to separate the components of gene flow in this plant family offers the potential for understanding the influences of Clark's nutcracker-mediated seed and wind-disseminated pollen movement on the genetic structure and biogeographic history of whitebark pine.
Information on the biogeographic history of whitebark pine is limited. Macrofossil records greater than 50 000 years before present ( bp ) have only been detected in Yellowstone National Park, where the species was evidently present during the Wisconsin glaciation (Baker 1990) . During the late Pleistocene (20 000 -18 000 years bp ), whitebark pine was probably displaced southward and lower in elevation. In the southern reaches of the species range, isolated populations in central Oregon and northern Nevada are thought to be the remnants of a much larger subalpine woodland that existed during glaciation (Thompson 1990; Charlet 1991) . During the late glacial period (15 000 -10 000 years bp ) Haploxylon pine pollen, probably from whitebark pine, occurred as far north as northern Idaho and northwestern Montana (Mack et al . 1978 (Mack et al . , 1983 . By the early Holocene, whitebark pine macrofossils appear in sediment from the central Canadian Rocky Mountains (Beaudoin & King 1989 ) and the east slope of the Coast Mountains, indicating an invasion of formerly glaciated mountains as early as 10 000 years ago (Clague & Mathewes 1989) .
In this study, we use mtDNA and cpDNA microsatellite (cpSSR) haplotype data to assess genetic structure and gene flow via seed and pollen. Our objectives were to: (i) contrast the genetic structure of whitebark pine revealed by uniparentally inherited and separately disseminated mitochondrial and chloroplast genomes; (ii) use molecular and palaeoecological data to develop hypotheses with regard to the biogeographical distributions and re-colonization routes of whitebark pine; and (iii) obtain information on patterns of genetic differentiation and diversity that would be potentially useful in future conservation efforts.
Materials and methods

DNA extraction, and polymerase chain reaction (PCR)
Whitebark pine DNA was extracted from 75 to 100 mg of frozen needle or bud tissue using a rapid CTAB method (Stewart & Via 1993) . This procedure was modified for use with an electric tissue homogenizer. PCR contained 0.2 m m dNTPs, 4 m m MgCl 2 , 0.5 µ m of primers (fluorescent labelled for cpSSRs), and 1 U of Amplitaq DNA polymerase (Applied Biosystems) in a final reaction volume of 20 µ L. Amplifications were performed following the method of Vendramin et al . (1996) for cpSSRs and Wu et al . (1998) 
mtDNA sequencing
Two geographically distant populations of whitebark pine, from Klamath Falls, OR and Salmon, ID, were used to detect polymorphisms. Five primer pairs that flank mtDNA introns ( atp6 , cox1 , cox3 , nad5a , and nad5d ), were selected from a set developed for California closed-cone pines (Wu et al . 1998) . PCR products ranged from 600 to 1500 base pairs (bp), and were sequenced with an ABI 377 DNA sequencer (Applied Biosystems) at the Laboratory of Ecological and Conservation Genetics (L.E.C.G.), University of Idaho, Moscow, ID. The sequences were edited and aligned with sequencher software (Gene Codes Corp.). Corrected sequences were then compiled for each locus to detect polymorphisms.
One transversion was detected in the nad5a (NADHubiquinone oxidoreductase subunit 5) intron, and the nad5d intron contained two adjacent-base transversions. Nucleotide Blast (http://www.ncbi.nlm.nih.gov/BLAST/) determined that the nad5a polymorphic sequence was recognized by the restriction enzyme Mse I, which was subsequently used to screen all other samples. The two adjacent polymorphic bases in nad5d did not correspond to a restriction enzyme; therefore, detection was conducted by sequencing with nested primers ( nad5d -short F: 5 ′ -gca gtc cgg ctg ctc ctg ccg, R: 5 ′ -ggg cgc agg cag ccc tct acc). Both polymorphic loci were used to determine the haplotype of 195 samples in 37 populations throughout the range. In addition, limber pine, another member of section Strobus , was sequenced with the nad5a and nad5d primers to infer the likely polarity of the polymorphisms in whitebark pine.
cpDNA microsatellites
Three cpDNA microsatellite primer pairs (PT15169, PT30204, and PT71936), developed for Pinus thunbergii Franco (Vendramin et al . 1996) , produced products that were found to be polymorphic in an initial screening of a total of 10 whitebark pine samples from Salmon, ID and Klamath Falls, OR. Each polymorphic locus was checked for homoplasy caused by length variation in the flanking regions of the microsatellite by sequencing the PCR products of four samples from Oregon and Idaho.
The visualization of cpSSR loci was accomplished by diluting 1 µ L of fluorescent dye-labelled PCR products with 2 µ L of formamide, loading buffer, and dye standards (GS350 tamra, Applied Biosystems). This mixture was denatured at 95 ° C for 2 min and loaded on a 36-cm, 6% polyacrylamide gel. Products were multiplexed and run for 2 h on an ABI 377 DNA sequencer. genescan and genotyper v. 2.5 software packages (Applied Biosystems) were used to calculate cpSSR length.
Sampling
Final sampling for cpSSR haplotypes was conducted in 28 populations aggregated into six regions: northern Cascades, southern Cascades, Sierra Nevada, Yellowstone, central Idaho and northern Idaho. Each region was represented by at least two sampling populations. Sample sizes ranged from 82 in the northern Cascades to 17 in the Sierra Nevada.
Genetic analysis
Because cpDNA is nonrecombinant, the combination of allele sizes at the three loci was assigned as a haplotype. Gene diversity, equivalent to expected heterozygosity ( H E ) for diploid data, was calculated as ˙ :
where n is the number of samples in the population, k is the number of haplotypes, and p is the population frequency of the i th haplotype (Nei 1987) .
Population pairwise comparisons were conducted using a genetic distance approach based on haplotype frequency variance under the infinite alleles model (IAM). This model assumes that genetic drift is the driving force behind population divergence (Weir & Cockerham 1984; Michalakis & Excoffier 1996) . In a second approach, the stepwise mutation model (SMM) was used, which makes pairwise comparisons of allele length differences among haplotypes (Slatkin 1995) . Pollen gene flow ( Nm ) was calculated from the private alleles method of Slatkin (1985) . This estimate is based on a linear relationship that exists between the logarithm of Nm and the average frequency of the private alleles, corrected for differences in sample size (Barton & Slatkin 1986 ).
The IAM was used with analysis of molecular variance ( amova ) to calculate genetic partitioning. This analysis included fixation indices at three hierarchical levels: Φ SC , among populations within groups; Φ ST , among all populations; and Φ CT , among groups of populations (Weir & Cockerham 1984; Excoffier et al . 1992) . Statistical significance was tested for pairwise population comparisons and amova Φ values by bootstrap analysis. These procedures were performed with arlequin software (v. 2.0; Schneider et al . 2000) . Gene flow ( Nm ) from private alleles was calculated using genepop software (v. 1.2; Raymond & Rousset 1995) .
An exact test of population differentiation (Raymond & Rousset 1995) was used to assign cpSSR populations into amova groups. This test assumes the null hypothesis of a random distribution of cpSSR haplotype frequencies among populations. Populations with significant differentiation from other populations ( P < 0.05) were assigned to a separate amova group. Populations that had no significant differentiation were assigned to the same amova group.
Results
mtDNA haplotype distribution
Of the five mtDNA introns ( atp6 , cox1 , cox3 , nad5a and nad5d ) sequenced, two ( nad5a and nad5d ) produced sequence polymorphisms yielding three haplotypes (GenBank accession no. AF434844) among 195 individuals surveyed ( Table 1) . Of the 37 populations sampled, 33 contained a single haplotype, and four contained two haplotypes (Fig. 1) (Fig. 1, inset) .
cpSSR genetic diversity
A range-wide survey of 188 samples produced 42 cpSSR haplotypes in 28 populations that were aggregated into six regions for analysis. Unique haplotypes were found in 18 individuals, and at least one occurred in each region. The haplotypes were composed of three loci; locus pt15169 was the most variable with seven alleles, followed by pt30204 with six, and pt71936 with five. Microsatellite size variants typically conformed to a mono-repeat pattern (Fig. 2) . No heteroplasmy was observed in the samples. The cpSSR haplotypes 1 and 2 were the most common, occurring in 25 (13.4%) and 27 (14.5%) samples, respectively. Haplotype 1 was present in all regions except for the Sierra Nevada, and haplotype 2 was only absent in the Yellowstone region. Haplotype 7 had a total of 11 samples (5.9%), but was present in all regions. Private haplotypes within regions usually consisted of a single or low frequency occurrence. A notable exception was haplotype 23, which had a high frequency of 0.41 in the Sierra Nevada. Gene diversity (H) was high with a regional average of 0.91. Most H-values ranged above 0.90, except for the Sierra Nevada, which had an estimate of 0.79 (Table 2) .
Pairwise population/region distances, gene flow and hierarchical genetic analyses
Using the IAM, pairwise genetic distances between regions based on cpSSRs resulted in low and insignificant genetic structure (F ST = 0 -0.034, P > 0.05) among regions from the northern Cascades (A), southern Oregon (B), central Idaho (E) and northern Idaho (F). Greater distances and significant genetic structure (F ST = 0.04 -0.12, P < 0.05) were found in most regional comparisons involving the Sierra Nevada (C). One exception was the F ST value between the Sierra Nevada and those from southern Oregon (F ST = 0.053, P > 0.05). This is not unexpected based on their proximity, but the lack of significance could also be due to the small sample sizes for these regions (n < 20). The Yellowstone region also showed significant genetic structure among all other regions except the Oregon Cascades. The most divergence was observed between the Sierra Nevada and Yellowstone regions (F ST = 0.127, P < 0.05).
The private alleles estimations (Slatkin 1985) of Nm were generally consistent with the F ST estimates (Table 3) , which is attributable to the number of private haplotypes found in each region. Again, Sierra Nevada showed consistently low gene flow with other regions (Nm = 0.41-1.36). Using the SMM, most R ST estimates produced negative values, while five comparisons had positive values and only one was statistically significant (data not shown). These negative values are due to the higher variance in allele size within, compared to between regions.
A population differentiation test analogous to Fisher's exact test based on haplotype frequencies (Raymond & Rousset 1995) produced only one cpSSR population, Sierra Nevada (C), that was significantly different (P < 0.05) from all other regions. Yellowstone also showed significant divergence from central Idaho and Sierra Nevada. Based on the results of the exact test, the Sierra Nevada and Yellowstone regions were assigned to their own amova groups, while the other four regions (northern Cascades, northern Idaho, central Idaho and southern Oregon) were assigned to a third group for genetic hierarchical analysis (Fig. 3) . The overwhelming majority of the genetic variance (95.4%) was found within regions (Table 4) . Among hierarchical levels: divergence among the three groups (Φ CT ) and among populations within groups (Φ SC ) was low (Φ CT = 0.039, P < 0.05; Φ SC = 0.008, P < 0.001) and among populations (Φ ST ) was moderate (Φ ST = 0.046, P < 0.05).
A local genetic analysis of cpSSRs was also conducted on three populations in the northern Cascades region. This area was of particular interest due to the abrupt geographical contact of mtDNA haplotypes 1 and 3. A sample of 45 at Manastash Ridge population produced 21 trees with haplotype 1 and 24 with haplotype 3. The Ravens Roost population (22 km to the southwest) was monomorphic for haplotype 3, and the Mission Ridge population (52 km to the north of Manastash Ridge) was monomorphic for haplotype 1. Despite distinct structure with mtDNA haplotypes, there was little genetic structure (F ST ) in cpSSR data among these populations (Manastash Ridge: Mission Ridge = 0.0049, Manastash Ridge: Ravens Roost = 0.0058, Ravens Roost: Mission Ridge = 0).
Discussion
Inferences from seed and pollen gene flow
The geographical distribution of whitebark pine mtDNA haplotypes is consistent with that expected for a species dispersed by Clark's nutcracker, for which the maximum seed-caching flights are estimated to be 22 km (Vander Wall & Balda 1981) . The existence of disjunct regions with distinct mtDNA haplotypes (e.g. Yellowstone and the Sierra Nevada) suggests that large areas of unsuitable habitat (> 100 km) impose a significant barrier to seed dispersal. In contrast, cpSSR genetic structure is low across mtDNA contact zones and among regions suggesting that the majority of gene flow is via pollen. The narrowness of contact zones and general lack of mixing among mtDNA haplotypes suggest that nutcrackers play a specific role in the overall gene flow. These data and those collected from seed-caching behaviour (e.g. Tomback 1978; Vander Wall & Balda 1981) indicate that nutcrackers typically deposit seed within the same population; however, rare interpopulation seed caching flights may establish new populations, and over longer time scales are responsible for range expansions (see below). Genetic heterozygosity of these expanding populations is apparently maintained by paternal gene flow.
Glacial and postglacial biogeography
Climate change between the late Pleistocene and early Holocene had a dramatic impact on the biogeography of whitebark pine. At lower latitudes, full-glacial climates apparently led to a sizeable expansion of subalpine and montane habitats, which were displaced as much as 1000 m below the present limits (Thompson 1990; Charlet 1991) . This climate probably favoured the expansion of whitebark pine into the northern Great Basin and central Oregon. As warming occurred, whitebark pine from these lower latitude regions were reduced to remnant populations on the highest peaks. Meanwhile, in the northern Rocky Mountains and Cascades, the retreating ice provided new expanses of subalpine habitat that were colonized by whitebark pine, as indicated by macrofossils found in early Holocene strata (Beaudoin & King 1989; Clague & Mathewes 1989) . Whitebark pine genetic structure and diversity should reflect the patterns of expansion into formerly glaciated regions. The distribution of mtDNA haplotypes in the glaciated northern Cascades is not consistent with the hypothesis proposed by Jorgensen & Hamrick (1997) that a lateglacial refugium persisted near Mount Rainier, WA. Their hypothesis was based on higher heterozygosity found in allozymes at this site. The distribution of mtDNA haplotypes supports an alternative hypothesis: whitebark pine was absent in the northern Cascades during the late Pleistocene and was colonized in the Holocene from two geographically separate regions associated with mtDNA haplotypes 1 and 3. This hypothesis predicts that haplotype 1 expanded westward across subalpine habitat in north-central Washington, and then spread northward and southward into the Cascades. Meanwhile, haplotype 3 was proceeding northward into the Washington Cascades (Fig. 4) . At present, the narrow contact zone of haplotypes 1 and 3 occurs along a 100-km area extending from Chinook Pass, WA to Snoqualmie Pass, WA. The high allozyme heterozygosity detected by Jorgensen and Hamrick in this area could be the result of the contact between two formerly isolated regions of whitebark pine. The westward colonization of the northern Cascades from Idaho is also consistent with the low pairwise F ST and high gene flow estimates (Tables 3 and 4) ; this hypothesis is also supported by the lack of whitebark macrofossils from late Pleistocene strata in this region (Dunwiddie 1986 ). It would be expected that a glacial refugium in the northern Cascades would produce a wider zone containing both mtDNA haplotypes 1 and 3 in the northern Cascades after Holocene expansion, and genetic differentiation would probably be higher between Idaho and this region due to isolation.
The Yellowstone region, which contains the oldest known whitebark pine macrofossils (50 000 years bp; Baker 1990), is likely to have supported populations containing mtDNA haplotype 2 during the Pleistocene. This population apparently expanded northward along the Continental Divide, where it mixed with haplotype 1 in the Bitterroot range and central Idaho (Fig. 4) . Expansion of haplotype 2 could potentially have occurred earlier in the Pleistocene; however, under such a scenario haplotype 2 would have probably disseminated into Canada and the northern Cascades along with haplotype 1.
The cpSSR data, including relatively high gene flow and low genetic structure, suggest that considerable paternal gene flow has occurred between Idaho and southern Oregon, although it appears that seed dispersal (and associated mtDNA) did not span this gap. The climate of the late Pleistocene may have provided whitebark pine with suitable habitat to extend across central Oregon, providing a corridor for gene flow (Fig. 5) . In addition, this hypothesis is supported by the exact test that showed insignificant differentiation between these regions. Additional sampling of mtDNA from mountaintop island populations of whitebark pine across central Oregon may provide additional insight into this hypothesis.
Although whitebark pine populations in the Cascades may have had historical ties to Idaho populations via two corridors (north-central Washington and central Oregon), the Sierra Nevada region apparently exhibited limited gene flow with other regions. Geographic isolation and a possible founder effect may have created comparatively low genetic diversity (Table 2 ) and high genetic divergence that 
Fig. 5
Hypothesized distribution of mtDNA haplotypes at glacial maximum (Porter et al. 1983) . Arrows represent hypothesized cpDNA (pollen) gene flow across suitable whitebark prie habitat (dotted line) that likely existed during this time.
distinguishes the Sierra Nevada (Table 3) . Sierra Nevada whitebark pine and smaller islands in northern Nevada could be considered contemporary refugia that could be lost if climatic warming or other ecological threats persist.
Evaluation of infinite alleles and stepwise mutation models
This study compared the IAM and SMM and found that the former yielded results that are more biologically reasonable in light of whitebark pine biogeography and the known climatic history of the region. Genetic distances estimated using the R ST under the SMM are based on pairwise, size-length differences in haplotype loci. Although the SMM might appear to be suitable given the stepwise pattern of microsatellite lengths (Fig. 2) , no divergence among most regions was detected with this method, apparently due to the generally high allele size variance within regions that produces negative values (data not shown). Differences among most populations were detected using the IAM, which estimates genetic distances based on haplotype frequencies (F ST ; Table 3 ). One caveat in the estimation of F ST under the IAM is that low-level homoplasy could potentially create identical haplotypes in different populations, thereby causing an underestimation of the genetic structure. The lack of resolution using R ST may indicate that a number of assumptions are not met for cpSSRs in whitebark pine. For detection of population divergence using R ST , Goldstein et al. (1995) reported that 500 generations are needed before the SMM is effective in detecting genetic differentiation at nuclear microsatellite loci. This estimate assumes a mutation rate of one per 10 4 gametes and moderately sized populations. At present, cpSSR mutation rates are unknown, although it has been estimated that cpDNA mutation rates are twice as slow as nuclear DNA (Wolfe et al. 1987; Wang et al. 2000) . This apparently slower mutation rate in cpSSRs coupled with a long generation time (≈ 30 years; Krugman & Jenkinson 1974) necessitates an exceedingly long time frame before genetic differentiation is detected using R ST . Other studies have reported low resolution of R ST with populations that have more than one migrant per generation, suggesting that F ST estimates are a more sensitive means by which to detect the genetic structure of allopatric or recently diverged populations (Forbes et al. 1995) . Given the apparent changes in biogeography and high gene flow among populations, the conditions needed to fit SMM are unlikely to occur in existing whitebark pine populations.
Implications for conservation and management
The biogeography of whitebark pine has been profoundly shaped by geographical isolation and by large shifts in the subalpine ecosystems associated with climate change and glaciation. These movements have been facilitated by nutcracker-mediated seed dispersal over thousands of years. Populations existing before Holocene warming, which resided south of the Cordilleran ice sheet (e.g. Sierra Nevada, Yellowstone, Idaho and northern Nevada), probably hold the majority of genetic resources. In contrast, populations north of the extent of glaciation (Fig. 5 ) have colonized these regions relatively recently. Cumulative founding events during this northward expansion are expected generally to reduce genetic diversity (Petit et al. 2001) . From a gene conservation perspective, these populations would be likely to have lower priority.
Recovery plans in whitebark pine have emphasized conducting breeding programmes for blister-rust resistance to supplement populations with high mortality, and the creation of canopy openings through silvicultural treatments or prescribed fire to perpetuate natural regeneration by nutcrackers (Keane and Arno 2001; Hoff et al. 2001) . However, it is critically important that these recovery plans consider the existing genetic structure (Hoff et al. 2001 ). Substantial population genetic structure from cpSSR data warrants caution in transfer of whitebark pine material among regions (e.g. Yellowstone to Idaho, or Sierra Nevada to others regions). Until ongoing whitebark pine provenance tests provide essential information on genetic and environmental interactions, discretion should be used in the movement of seed or the full-scale implementation of blister-rust resistance breeding programmes.
